Fluorescent dye-labeled DNA primers have been developed that exploit fluorescence energy transfer (ET) to optimize the absorption and emission properties of the label. These primers carry a fluorescein derivative at the 5' end as a common donor and other fluorescein and rhodamine derivatives attached to a modified thymidine residue within the primer sequence as acceptors. Adjustment of the donoracceptor spacing through the placement of the modified thymidine in the primer sequence allowed generation of four primers, all having strong absorption at a common excitation wavelength (488 nm) 
derivatives attached to a modified thymidine residue within the primer sequence as acceptors. Adjustment of the donoracceptor spacing through the placement of the modified thymidine in the primer sequence allowed generation of four primers, all having strong absorption at a common excitation wavelength (488 nm) and fluorescence emission maxima of 525, 555, 580, and 605 nm. The ET efficiency of these primers ranges from 65% to 97%, and they exhibit similar electrophoretic mobilities by gel electrophoresis. With argon-ion laser excitation, the fluorescence of the ET primers and of the DNA sequencing fragments generated with ET primers is 2-to 6-fold greater than that of the corresponding primers or fragments labeled with single dyes. The The human genome project is driving the development of high-speed and high-throughput DNA sequencing and analysis methods (1) (2) (3) . Currently, four-color DNA sequencing on slab gels with fluorescent primers or terminators is the most commonly used method (4, 5) . Recently, we introduced the technique of capillary array electrophoresis coupled with laser-excited confocal-fluorescence scanning, which provides one approach for increasing the speed and throughput of DNA sequencing and analysis (6) (7) (8) . However, here, as in other sequencing methodologies, the detection sensitivity is limited by the spectroscopic properties of. the available dyes for labeling the sequencing fragments. A requirement of fourcolor sequencing is that the emission maxima of the four fluorophores be distinctive. This criterion is met by the dyes currently used for four-color sequencing (5, 9) . The trade-off, however, is that these dyes do not have equivalent molar absorbances in the range of excitation wavelengths available with an instrument having a single, argon-ion laser. For example, primers labeled with the rhodamine dyes yield far weaker signals than those labeled with the fluorescein dyes. To compensate for this effect, one must use more template DNA in the reactions involving rhodamine dye-labeled primers. One way to solve this problem is to use multiple lasers (10, 11) . A The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
second approach is to improve the spectroscopic properties of the dyes used for labeling.
To increase the sensitivity of DNA detection in four-color sequencing, ideally one would like each of the four dyes (i) to exhibit strong absorption at a common laser wavelength, (ii) to have an emission maximum at a distinctly different wavelength, and (iii) to introduce the same relative electrophoretic mobility shift of the DNA sequencing fragments. These criteria are inconsistent with the spectroscopic properties of single fluorescent dye molecules having high-emission quantum yield. However, these objectives are met by energy transfer (ET) primers, whose design, synthesis, and application to four-color DNA sequencing are presented here.
Fluorescence ET is mediated by a dipole-dipole coupling between chromophores that results in resonance transfer of excitation energy from an excited donor molecule to an acceptor (12) . Forster established that the ET efficiency is proportional to the inverse sixth power of the distance between the two chromophores. Thus, fluorescence resonance ET has been used extensively as a spectroscopic ruler for biological structures (13) , and ET-coupled tandem phycobiliprotein conjugates have found wide application as unique fluorescent labels (14) . Earlier, we showed that polycationic heterodimeric fluorophores that exploit ET and that have high affinities for double-stranded DNA offer advantages over monomeric fluorophores in multiplex fluorescence-labeling applications (15) (16) (17) . We show here that the ET primers are markedly superior to single dye-labeled primers in DNA sequencing, and we anticipate that they will find broad use in multiplex PCR-based mapping and sizing protocols. Modifier C6 dT, Glen Research), which has a protected primary amine linker arm. The donor dye was attached to the 5' end of the oligomer, and the acceptor dye was attached to the primary amine group on the modified base (T*). The ET primers are named using the abbreviation D-N-A, where D is the donor, A is the acceptor, and N is the number of bases between D and A. In all the primers prepared, 5-carboxyfluorescein (FAM or F in primer name) is selected as a common donor and 2',7'-dimethoxy-4',5'-dichloro-6-carboxyfluorescein (JOE or J), N,N,N',N'-tetramethyl-6-carboxyrhodamine (TAMRA or T), and 6-carboxy-X-rhodamine (ROX or R) are selected as acceptors. We have synthesized 20 ET primers labeled with the same donor at the 5' end and with different acceptors at different positions on the primer sequence. The spacing between the two chromophores is altered by varying the position of T* in the synthesis of each primer. We found that the electrophoretic mobility of the ET primers depends on the spacing between the donor and acceptor. Within a range of distances determined by the number of intervening bases that allow good ET, it is possible to adjust the electrophoretic mobility of the primers. Application of this principle leads to the selection of four ET primers (F1OF, F1OJ, F3T, and F3R) with optimum fluorescence properties and similar electrophoretic mobilities for four-color DNA sequencing. The detailed evaluation of these four primers for DNA sequencing is described here. The complete synthesis, as well as the spectroscopic and electrophoretic properties of all 20 primers will be reported elsewhere.
MATERIALS AND METHODS
To prepare the ET primers, the donor FAM was introduced by using 6-FAM amidite in the last step of the oligonucleotide synthesis on a DNA synthesizer. After cleavage from the solid support and removal of the base-protecting groups, the primers were evaporated to dryness under vacuum (0.5 mm of Hg). To incorporate the acceptor dyes, 15-20 nmol of FAMlabeled, T*-containing oligonucleotides in 40 L 1 l of 0.5 M Na2CO3/NaHCO3, pH 9 To evaluate the emission spectral purity of the four ET primers, their normalized emission spectra are presented in Fig. 3 . It can be seen that the residual emission of FAM in F1OJ, F3T, and F3R is very small. On the basis of a comparison of the residual FAM emission in the ET primers with that of a FAM-labeled primer with the same sequence and length, the ET efficiency was calculated to be 65% for F1OJ, 96% for F3R, and 97% for F3T (22 Fig. 4 C and D. Shown here is a portion from the middle of the run spanning about 45 nt. On this intensity scale, the peaks from the red filter are barely discernible when the single ROX-labeled primer is used (Fig.  4C) . In contrast, with the ET primers, all of the sequencedependent intensity fluctuations are readily seen in the raw data (Fig. 4D) . While four-color sequences analyzed with this instrument typically require 3-fold more template and 2-fold more primer in the reaction mixtures containing TAMRAand ROX-labeled primers, the four reactions used for Fig. 4D contained equal amounts of ET primer and template. This change in reaction balance was made possible by the increased relative fluorescence intensities of the F3T and F3R primers.
The software must also compensate for the different electrophoretic mobility shifts introduced by the different dyes. Considering the small mobility differences between DNA fragments generated with ET primers, we first tried applying no mobility corrections. The result was accurate for the first 80-100 nt, after which miscalls were obtained about once every 20 nt. Application of small mobility shift corrections resulted in much more accurate sequence, an example ofwhich is shown in Fig. 5 
DISCUSSION
Fluorescence ET is a well known and useful spectroscopic phenomenon that has been exploited extensively for a variety of biological analyses (13, (23) (24) (25) (26) (27) high-quality sequencing when using Sequenase is reduced to only 0.6 ,g, one fourth of the amount recommended (>2 ,tg) when using the single dye-labeled primers. Thus, it should be possible to perform direct sequencing on small amounts of DNA template that would ordinarily require cycle sequencing. In addition, with ET primers the signal strength is still quite strong at more than 560 nucleotides beyond the primer. Thus, improvement of the resolving ability of the gel or using longer gels to achieve longer read-outs would now be more advantageous. The increased signal strength available with ET primers should also facilitate DNA sequencing and analysis using capillary array electrophoresis (6, 7) .
In summary, the unique spectroscopic properties of ET primers make them valuable in all areas where multiple fluorescent tags are to be distinguished spectroscopically. In addition to DNA sequencing, applications to DNA fragment sizing, forensic identification, short tandem repeat (STR) typing, DNA sequencingby hybridization (28) , and in situ hybridization are but a few examples of the potential applications of ET primers.
Note Added in Proof. We have recently demonstrated that ET primers can also be used to perform PCR amplification of short tandem repeat alleles followed by multiple-color sizing (29 
